Diffuse scattering, observed as intensity distribution between the Bragg peaks, is associated with deviations from the average crystal structure, generally referred to as disorder. In many cases crystal defects are seen as unwanted perturbations of the periodic structure and therefore they are often ignored. Yet, when it comes to the structure analysis of nano-volumes, what electron crystallography is designed for, the significance of defects increases. Twinning and polytypic sequences are other perturbations from ideal crystal structure that are also commonly observed in nanocrystals. Here we present an overview of defect types and review some of the most prominent studies published on the analysis of defective nanocrystalline structures by means of three-dimensional electron diffraction.
Introduction
The ideal perfection of crystal structures is often broken by local fluctuations, which may be associated with disorder features, change in structural stacking or twin boundaries. Indeed, one should never forget that ideally ordered crystals are just theoretical constructions, close to real objects only when the analyzed volume includes billions of equivalent unit cells and local structure unconformities are negligible. This is generally the case for high-quality crystals for single-crystal X-ray diffraction. Deviations from ideal crystals are anyway well known and widespread, even if often ignored or neglected by crystallographers. And yet, features such as vacancies, dislocations, planar defects, twinning and local modulations in structural packing may be crucial for understanding how a given material is formed and for addressing its macroscopic physical or chemical properties (Keen & Goodwin, 2015) .
Dealing with defective features is even more important when one has to characterize phases that appear only in form of nanocrystals, where the coherent crystalline volume is relatively small. The appearance of extra reflections and diffuse scattering (e.g. in the form of reflection streaking) proves to be rather common in nanocrystals. For certain materials, it is just impossible to sample a fully coherent domain, even at the scale of few tens of nanometres. Arguably, the main trouble in solving the atomic structure of cryptocrystalline materials is currently associated just with the difficulties of dealing with their high degree of disorder. Disorder features may be connected with the metastable nature of the nanocrystals, with the non-equilibrated conditions associated with their formation, with the existence of several polytypes that alternate at a very fine scale, with a nonstoichiometric composition or with the energetic frustration of certain elements of the structure. A high incidence of disorder features may be also responsible for the difficulty of the material in crystallizing and growing larger crystals.
Several routines have been developed for the analysis of defects by X-ray powder diffraction (XRPD) (Treacy et al., 1991; Proffen & Neder, 1997; Mittemeijer & Scardi, 2004; Bette et al., 2015; Casas-Cabanas et al., 2016; Coelho et al., 2016) . This approach is highly accurate and optimal for a quantitative refinement, but it may result ambiguous for discriminating between certain classes of defect features. Moreover, XRPD interpretation is complicated when crystalline domains are in the range of few tens of nanometres, resulting in peak broadening, or when the sample is polyphasic and possibly the phase of interest is minor in the yield.
Electron crystallography, based both on imaging and diffraction, is a valid alternative because it allows probing single nanometric volumes of materials per time. In particular, the last ten years witnessed the fast development of protocols for three-dimensional electron diffraction (3D ED) acquisition and analysis (Kolb et al., 2007 Mugnaioli et al., 2009; Zhang et al., 2010; Nederlof et al., 2013; Wan et al., 2013; Nannenga et al., 2014) , which allowed determining the atomic structure of single crystals smaller than 1 mm 3 . This method has been addressed with different terms (ADT, EDT, PEDT, RED, MicroED . . . ), sometimes connected with differences in the experimental protocols and equipment used for data acquisition. In this review we prefer to use the general term 3D ED, emphasizing the fact that all these protocols share the common idea of sampling the 3D reciprocal space in fixed angular steps and without any prior crystallographic orientation of the sample.
ED is arguably hampered by the occurrence of dynamical effects, which affect reflection intensities in a way difficult to model or predict (Cowley, 1992; Dorset, 1995) , and by the lack of dedicated instrumentations for data acquisition. Still, it is the only technique able to deliver 3D structural data from single crystals or domains of few tens of nanometres. Nowadays, structure determination by 3D ED can be considered a standard option for inorganic compounds (Jiang et al., 2011; Samuha et al., 2014; Guo et al., 2015; Rozhdestvenskaya et al., 2017) , and at least a reliable protocol for organic and metalorganic ones (Gorelik et al., 2012a; van Genderen et al., 2016; Wang et al., 2017; Gruene et al., 2018; Hynek et al., 2018; Jones et al., 2018; Portolé s-Gil et al., 2018; Yuan et al., 2018) . ED has also been successfully applied to incommensurate materials (Palatinus et al., 2011; Steciuk et al., 2016) , and to macromolecules (Shi et al., 2013; Yonekura et al., 2015; Clabbers et al., 2017; de la Cruz et al., 2017; Xu et al., 2018; Lanza et al., 2019) and other structures of biological relevance (Rodriguez et al., 2015; Zee et al., 2019) . Additionally, compared with X-rays, electrons can locate more easily light atoms such as Li (Hadermann et al., 2011 (Hadermann et al., , 2012 Kolb et al., 2011; Drozhzhin et al., 2016) and H (Palatinus et al., 2017; Clabbers et al., 2019) , possibly employing refinement algorithms that take into consideration the dynamical scattering (Palatinus et al., 2013 (Palatinus et al., , 2015 .
In this paper, we will review some examples of structure analysis performed on materials that were both nanocrystalline and heavily disordered. The order-disorder (OD) theory is briefly described and it is shown how it can be applied for describing the polytypism associated with the different stacking of equivalent layers. Finally, it is illustrated how 3D ED has recently been used for a quantitative interpretation of diffuse scattering.
Types of disorder in nanocrystals
Disorder is a physical phenomenon leading to uncertainty in the chemical composition, or in the spatial arrangements of atoms. Obviously, there are many types of such uncertainty. By far, the most frequent deviations from ideal crystals detected by ED and reported in literature consist in reflection streaking due to planar faults and in the appearance of extra reflections due to the occurrence of twinning or of multiple polytypic structures. These features will be described later in a dedicated chapter. Other kinds of disorder can anyway be present in the sample, and possibly leave a specific signature in ED data.
Crystal mosaicity, defined as a slight misorientation of different areas within a crystal, can be seen as a lattice disorder. Mosaicity is responsible for the widening of Bragg reflections. High mosaicity in nanocrystals can lead to problems with reflection intensity integration, and therefore, to instability of structure determination and refinement.
Another kind of crystal imperfection consists in the incorporation of point defects into the lattice, either in the form of substitutional atoms (mixed occupancies), interstitial atoms, or vacancies. The influence of these defects appears at the stage of structure refinement, and it is usually handled as partial occupancies (Palatinus et al., 2013 (Palatinus et al., , 2015 . Sometimes, the point defects in the lattice are correlated, introducing a superordering and resulting in the formation of diffuse intensity with specific patterns between Bragg reflections (Welberry & Weber, 2016) . Diffuse scattering in the form of rings around the Bragg reflections was observed in electron diffraction patterns of the mixed Nb 5 O 2 -WO 3 phase and explained by the formation of different types of microdomains in the structure (Iijima & Cowley, 1977) .
Other rather common defects encountered in nanocrystals are edge and screw dislocations, caused by the termination of a crystal plane, with the consequent bending of surrounding lattice planes (Spence et al., 2006) . The resulting structure shows shear features and local inconformity of building units, which generally fade down walking away from the defect and do not propagate to the whole crystalline domain.
In molecular crystallography the disorder may be also associated with uncertainty in the position of the molecule or in the position of a molecular fragment. One should distinguish the so-defined static and dynamic disorder, the latter caused by the correlated vibrations of the atoms belonging to a molecule, and therefore being temperature dependent. Large amplitude thermal vibrations, appearing as diffuse streaking in ED patterns, were for example reported in crys-tals of pentacene and anthradithiophene derivatives (Illig et al., 2016) .
The static disorder has been described as the result of competing environmental conditions when different possibilities to join the crystals can be realized. The different positions of a given molecule may also follow a certain periodic pattern following a pseudo-translational symmetry. In such case, a new unit cell representing the larger translation vector can be defined. These structures can be described as modulated or as structures with Z 0 > 1. The model of such structure will show more than one molecule in the asymmetric unit, which cannot be related by crystallographic symmetry. The number of formula units in the asymmetric crystallographic unit is referred to as Z 0 , and in this case we evidently have a structure with a value of Z 0 > 1. An example of this effect is the polymorphism of anhydrous caffeine: the disordered -phase has one molecule in the asymmetric unit, while the monoclinic -phase has Z 0 = 5. Despite the high sublimation rate of caffeine, 3D ED analysis of pre-cooled samples could be performed by Gorelik et al. (2012b) .
Another kind of disorder commonly associated with molecular compounds is the occurrence of racemic mixtures, where different enantiomeric domains of chiral molecules can crystallize one next to the other. Very recently the possibility to determine enantiomers and absolute structures by ED was shown (Zee et al., 2019; Brá zda et al., 2019) .
Molecular crystals can also contain residual solvent molecules inside structural channels or cages. Similarly, residual organic templates can be present in organic and inorganic porous materials, such as covalent organic frameworks (COF), metal-organic frameworks (MOF) and zeolites (Jiang et al., 2011; Wang et al., 2018) These templates can possibly be detected as residual scattering potential in difference Fourier map of the final structure (Rius et al., 2013) . In porous compounds, another possible source of defectivity is the catenation of more frameworks, sometimes specifically designed for tuning the properties of the material as molecular sieving and stowage (Rowsell & Yaghi, 2005) .
Finally, other classes of materials show disorder features without an obvious long-range order or orientation. In these cases, the concept of the periodic lattice may be completely inapplicable. Rather than 3D ED, isotropic structure characterization methods such as pair distribution function (PDF) analysis can be more conveniently applied for the description of these materials (Egami & Billinge, 2012) . A review on the application of the PDF methodology to electron scattering is given by Gorelik et al. (2019) .
Lattice defects and structural modifications induced by TEM
Disorder in nanocrystalline materials is often a property of the material itself, but in certain cases it may be an artifact introduced by the TEM experimental set-up. It is well known how hydrated, porous, organic and metal-organic structures undergo fast deterioration under the electron beam. There are two mechanisms of structure damage caused by electron radiation, namely the knock-out and the bond rearrangement, the latter mostly associated with organic molecular materials (Reimer & Kohl, 2008) .
The knock-out driven damage can be reduced by lowering the energy of the incident electrons, thus minimizing the ballistic kinematic energy of the electrons. This idea led to the construction of specialized low-energy TEMs, which prove their effectiveness in the imaging of thin inorganic materials such as graphene (Kaiser et al., 2011; Barton et al., 2012; Linck et al., 2016) .
The situation is far more complicated for organic materials, where the bond rearrangement mechanism predominates. The cross section of electron scattering increases with the decrease of the electron wavelength, and therefore the beam damage rate in organic materials is usually higher at low voltage (Reimer & Kohl, 2008) . During electron irradiation, organic crystals must accommodate a large number of local defects, which can also induce an effective expansion of the lattice before the overall structure collapses. This results in a first stage when only high-resolution reflections start vanishing and in a second stage when eventually also low-resolution reflections disappear .
Although the primary mechanism is different for inorganic and organic materials, in both cases the disorder introduced by beam damage leads to the deterioration and eventually to the amorphization of the atomic structure. Such deterioration is complicated to predict or correct a posteriori by crystallographic methods. On the other hand, there are experimental strategies for slowing down the beam damage during an ED experiment, such as: (i) reducing the electron dose rate, eventually employing a very sensible and low-background new generation detector (Nederlof et al., 2013; van Genderen et al., 2016; Tinti et al., 2018) ; (ii) reducing the exposure time, possibly adopting a fast continuous-rotation data collection (Nederlof et al., 2013; Nannenga et al., 2014; Gemmi et al., 2015) or an automatized data acquisition procedure Cichocka et al., 2018) ; (iii) keeping the sample at liquid N 2 temperature in a cryo-holder (Jiang et al., 2011; Shi et al., 2013) ; (iv) using STEM illumination for crystal search and re-centering during the 3D ED experiment (Kolb et al., 2007; Lanza et al., 2019) . Also, the use of a graphene support may provide a sufficient number of free electrons for the recombination of local damage effects (Algara-Siller et al., 2013) .
Another important source of experimentally induced disorder is the vacuum inside the TEM column. Sample modifications introduced by the vacuum are much harder to avoid, as they start to affect the sample in the moment it is introduced in the microscope, and they cannot be slowed down simply blanking the electron beam or modifying the illumination conditions. Vacuum is particularly problematic for materials with high sublimation rates. Water-containing protein crystals are a classical example of such materials, and indeed for performing TEM experiments it is generally necessary to keep them in ionic liquids (Tsuda et al., 2018) or include them in amorphous ice by cryo-plunging (Nederlof et al., 2013; Shi et al., 2013) .
Inorganic materials, whose structure relies on hydrogen bonding associated with hydroxyl groups, water or other volatile molecules, can also suffer by modifications induced by vacuum. The dehydration of such materials may lead to random disorder, as observed for cyanotrichite (Ventruti et al., 2015) or lesukite (unpublished data), or to a vacuum-stable dehydrated form of the material, as observed for the layered minerals kaň kite (Majzlan et al., 2016) and cowlesite (Gemmi et al., 2017) .
In the latter case, 3D ED data delivered a cell with one parameter shortened by about 5 Å (from about 30 Å to 25 Å ). The same crystallographic direction was also affected by strong diffuse scattering, which still did not prevent ab initio structure determination. Therefore, the dehydrated form of cowlesite was still crystalline, even after a so striking structure modification was induced by the TEM vacuum in a frame of few minutes or seconds. In order to determine the structure of the original cowlesite mineral, a fraction of the same sample batch was later encapsulated into amorphous ice by cryoplunging (a protocol normally used for protein crystals), allowing the acquisition 3D ED data on the pristine material. The so-determined cell parameters did fit with XRPD data acquired at room conditions. A comparison of the two structure solutions of pristine and dehydrated cowlesite demonstrates the effect of TEM vacuum, which induced the collapse of the water-supported interlayer and initiated the formation of an unexpectedly ordered stacking sequence (Fig. 1) . The structure determination of cowlesite is also a good example of how sample preparation protocols originally developed for bio-chemical research can be usefully introduced in an apparently distant and unrelated field, such as mineralogy.
Planar discontinuities in nanocrystals: stacking faults, polytypism and twinning
Stacking disorder associated with planar defects is quite common in nanocrystals. Crystal seeds and structures that allow for different polytypic sequences are particularly likely to develop stacking disorder features. In certain materials, the occurrence of defects is so pervasive that it is never possible to sample a coherently crystalline and defect-free area, even when the ED experiment is performed with a nano-beam of few tens of nanometres (Rozhdestvenskaya et al., 2017) . When the ratio between disordered and coherent volume is rather high, Bragg reflections are smeared in diffuse scattering lines.
A systematic change in the stacking sequence may instead lead to the formation of polytypes or twin domains. In these cases, extra reflections may appear, sometimes giving the misleading impression of a larger unit cell. In any case, even intensities of common reflections or of reflections which appear sharp can suffer important fluctuations due to stacking disorder or twinning. All these features evidently hamper structure solution by standard crystallographic techniques, which only consider the occurrence of one single crystalline domain, and also complicate structure refinement. Moreover, one should not forget that disorder is an essential part of the structural atomic arrangement of the material, and that a description (possibly quantitative) of the disorder is compulsory for a proper description of the material itself.
2.2.1. Crystal seeds. Vaterite and monoclinic aragonite (mAra) (Né meth et al., 2018) are two examples of nanocrystalline CaCO 3 polymorphs that nucleate as nanocrystals and with time tend to transform to the more stable polymorphs calcite (Dietzsch et al., 2017) and conventional aragonite, respectively. The growth of vaterite appears to be kinematically favored under certain conditions, but its structure is energetically unfavored, so that this mineral is found only in the form of crystals of few tens of nanometres and with a very anisotropic needle-like or platelet-like habit. mAra structure comprises incoherently packed atomic layers that may accommodate Mg instead of Ca atoms, and possibly OH instead of CO 3 groups. This feature may lead to locally modulated or fully disordered domains, which appar- ently reduce the energy of crystallization and are responsible for the later formation of conventional aragonite. It is worth noting that the formation of the metastable mAra nanocrystals is all but insignificant, as these nanocrystals trigger thr later growth of aragonite, which otherwise should never form at ambient conditions. Both vaterite and mAra structures can be described by OD stacking of equivalent layers. Even at the scale of a few unitcell repetitions, it is not possible to find fully ordered sequences. When domains are made of statistically stacked layers, in diffraction certain reflection lines are fully replaced by diffuse scattering [Figs. 2(a) and 2(b)]. It is anyway possible to identify regions of 20-50 nm where a certain stacking sequence is dominant (or more frequent). In this case, diffuse scattering may show a certain modulation [ Fig. 2(c) ]. The unit cell can be defined from the intensity maxima, which in fact resemble reflection spots. Intensity maxima can be also integrated for attempting structure determination by conventional crystallographic routines.
Planar disorder and twinning associated with nucleation are also common in the crystal seeds of certain plasmonic nanoparticles, such as silver, gold or palladium 'penta-twins'. In certain experimental conditions, the nucleation of polycrystalline aggregates appears kinematically favored in the first stages of crystallization, while single-crystal packing dominates always after a certain critical size (Ringe, 2014) . ED is a very powerful complementary tool for the study of such disordered or twinned seeds, as it delivers quite easily 3D structural information when compared with high-resolution TEM and STEM tomographic image reconstructions (Mayence et al., 2014) .
Polytypic materials and other materials with strong
structural anisotropy. Polytypic materials are composed of (nearly) equivalent compositional and structural layers, which may pack according to different stacking rules. Then, each orderly packed sequence is defined as a polytype of the material. Often, different polytypes are almost energetically equivalent and, therefore, they tend to switch or alternate inside what at a first glance may appear as a single-crystal. Mostly coherent structural domains can also be interrupted by single incoherent stacking faults and by thin intercalations of heterostructural polytypic layers. Additionally, the contact between two polytypic domains with the same structure but different orientation may result in a twinning plane. For nanocrystalline materials, alternate polytypic stacking sequences, stacking faults and twinning planes may sometimes follow in a scale of a few cell repetitions.
Typical layered materials are characterized by evident structural and mechanical anisotropies. Hydrotalcites, Mnoxides and silicon-aluminium phyllosilicates, such as serpentines and micas, are natural examples of such materials. The stacking rule may be a reliable indicator for the specific conditions of the formation of the material. Also, stacking may be modified in order to improve specific properties of the material, such as cation and molecular encapsulation and release (Conterosito et al., 2015) .
Cronstedtite is an Fe-rich serpentine mineral present in terrestrial and extraterrestrial environments (Hybler et al., 2016) , where it generally appears in the form of pyramidal domains of some tens or hundreds of nanometres. Polytypic stacking sequences are rather frequent, even for such nanoscopic crystals. ED is a reliable method for casting light on the polytypic arrangement of individual grains, especially when they are embedded in a complex and polyphasic paragenetic aggregate (Pignatelli et al., 2018) . Fig. 3 shows a focused ion beam (FIB) cross section sample extracted from the carbonaceous chondrite Paris. 3D ED data collected on the three exposed domains of cronstedtite reveal that reflections h0l with h 6 ¼ 3n are affected by a more or less pronounced diffuse scattering along c*. Reflections h0l with h = 3n are instead sharp, because they fall in the same position for all the different cronstedtite polytypes present in these domains. When reflections 10l and 20l are clearly distinguishable (ordered packing) the polytype 1T was frequently recognized. When diffuse scattering dominates along these lines, only the family (group C) of the possible polytypic sequences could be identified. Still, the fact that some reflections remain sharp allows all polytypes belonging to different families (groups A, B and D) to be excluded.
A similar situation is observed in some complex fibrous alkali-calcium-silicate minerals, such as charoite (Rozhdestvenskaya et al., 2010; Rozhdestvenskaya et al., 2011) and denisovite (Rozhdestvenskaya et al., 2017) . Even if these structures cannot be intuitively described as layered, they may still be conveniently decomposed in equivalent bodies, whose different packing corresponds to the possible polytypes. Charoite and denisovite structures indeed consist of aggregates of silicate dreier chains and calcium-sodium octahedral bands. The periodicity of the dreier silicate chains, of $7.2 Å , is twice the periodicity of the octahedral bands. Therefore, there is a possible ambiguity of half repetition (corresponding to half unit-cell vector c) in how these two structural units may connect. If the stacking is ordered over a whole fiber, then an ordered polytype is formed. Otherwise polytypic variations, stacking faults or twinning boundaries arise. As for cronstedtite, disordered sequences lead to the appearance of diffuse scattering lines along certain classes of reflections, whereas other classes, common to all possible stacking sequences, remain sharp. Fig. 4(a) shows the electron diffraction pattern associated with a disordered domain of denisovite, such as the one in Fig. 4(b) . In this case, reflections h0l with l = 2n are sharp, whereas reflections with l 6 ¼ 2n are replaced by diffuse scattering. Such a pattern indicates stacking disorder along a* and involves an ambiguity in the arrangement of consecutive layers of 1 2 c. Even materials which cannot be strictly defined as polytypic may show very pervasive disorder features. The structure of these materials can generally be broken up in hard blocks which are kept together by relatively weaker connections. Three examples can be found in the synthetic complex oxides NaTi 3 O 6 (OH)Á2H 2 O (Andrusenko et al., 2011) , KLa 5 O 5 (VO 4 ) (Colmont et al., 2016) and Mo 2 (O,N,&) 5 (Weber et al., 2017) . The structures of the former two oxides consist of rigid bands interconnected by loosely bonded alkali atoms and possibly water. Local chemical variations in the interlayer can easily induce structural modifications in the neighboring bands, which may trigger the development of locally distorted structural elements and generate edge dislocations. Mo 2 (O,N,&) 5 structure can be decomposed in rather rigid columns of 9Án Mo-oxide octahedra, connected to each other by weaker bonds and by partially occupied channels. The reciprocal shift of neighboring blocks or the occurrence of defective columns results in structural shear bands. Edge dislocations and shear bands produce diffuse scattering lines in diffraction, which can be hardly distinguishable from the same features generated by stacking disorder (Andrusenko et al., 2011) .
2.2.3. Nano-twinning. A sequence of stacking incongruences in the structure results in a disordered domain, associated with diffuse scattered lines in diffraction. A sudden change in the stacking vector direction may instead originate a twin boundary. Twinning appears when two or more equivalent structural arrays are connected by a symmetry element not consistent with their point group. A classic example is the spear-like twinning of monoclinic gypsum. Nanocrystals may Polytypic disorder in denisovite. (a) Typical [010] diffraction pattern from a disordered domain, with diffuse scattering along a* for reflection lines with l 6 ¼ 2n. (b) High-resolution TEM image of a typical denisovite domain. In a scale of a few unit-cell repetitions, we can observe ordered domains (OR), stacking faults (SF) and twin boundaries (TW). The projection of the ordered denisovite unit cell is also sketched. also show twinning, possibly associated with a very fine alternation of polysynthetic layers. In general, a twinning can be recognized in diffraction by the appearance of reflection splitting or of extra reflections that are not commensurate with the cell dimensions. In the case shown in Fig. 5(a) , it is rather easy to define the two unit cells that are responsible for the twinning. Only reflections belonging to the plane hk0 fall in the same position for the two lattices, even if their intensity is no longer the one expected for a single non-twinned domain.
A more complicated situation occurs when reflections belonging to multiple twin domains fully or almost fully overlap. In the first case the twinning is defined as merohedric (or twinning by merohedry). In other words, the symmetry element responsible for the twinning is consistent with the lattice geometry but not with the point group of the structure. For example, a merohedric twin can originate from a mirror plane orthogonal to b in a monoclinic crystal, space group P2. Instead, pseudo-merohedric twinning is not associated with geometric merohedry, but in this case, reflections from different individuals fall so close to be hardly distinguishable. For example, a well known case of pseudo-merohedric twinning in the orthorhombic system consists of the exchange of two lattice parameters that have very similar lengths, such as the a and b unit-cell vectors of zeolite ZSM-5 [ Fig. 5(b) ], which are 20.1 Å and 19.9 Å , respectively. Cell parameters determined by 3D ED have normally rather low precision and accuracy when compared with X-ray diffraction, with errors up to 2-5% for cell lengths and 1-2 for angles Å ngströ m et al., 2018; Gorelik et al., 2018) . Additionally, reflections in ED are relatively large and possibly with a not perfectly circular shape, due to anisotropic crystal habit and intensity under-sampling or saturation. Consequently, reflection splitting due to a pseudo-merohedric twinning is not always obvious, even in the high-resolution range where such splitting show be more evident.
Twinning recognition can be facilitated by the detection of extinction patterns which apparently cannot be associated with conventional crystallographic space groups. Coesite is a high-pressure polytype of SiO 2 , which crystallizes in a pseudohexagonal cell and space group C2/c (a = 7.14, b = 12.37, c = 7.17 Å , = 120.34 ). In particular, coesite grains associated with impact events are nanocrystalline and show polysynthetic twinning or planar defects (Ramsdell, 1955; Grieve et al., 1996) . Fig. 6(a) Nano-twinning in zeolites. (a) View of the reconstructed 3D ED data for a twinned sample of synthetic zeolite, showing splitting of the diffraction spots. The cells of the two twin crystals are shown in yellow and violet. Only reflections belonging to the plane hk0 fall in the same position for the two lattices. In the inset, the twinned wire from which the ED data were taken is shown. The tip has a clear spear-like habit, typical of twinning in the monoclinic system. The wire was about 200 nm wide. (b) Cross section (hk0)* of the reconstructed 3D ED data of pseudomerohedric twinned ZSM-5. No reflection splitting is evident, also due to the size of reflections in the 3D reconstruction. In the inset, the twinned aggregate from which ED data were taken is shown. The cross-like habit typical of ZSM-5 is evident despite the poor quality of the image. The whole aggregate was about 150 nm in diameter. the 3D diffraction data are oriented along 110*, a nonstandard extinction pattern is obtained, possibly confusing a crystallographer not used to twinned samples. Eventually, this is the result of pseudo-merohedric twinning obtained mimicking a mirror on the (100) plane, thus exchanging the metrically almost equivalent 001* and 1 101 Ã directions and producing a pattern that may be misinterpreted as hexagonal.
Another striking example of pseudo-merohedric twinning is observed in Cu 2Àx Te plasmonic nanoparticles [ Fig. 6(f) ]. The structure of these objects is characterized by a pseudo-cubic orthorhombic cell with different modulations along the three main crystallographic directions (Willhammar et al., 2017; Mugnaioli et al., 2018) . When illuminated along [001], most of the particles show a diffraction pattern such as the one reported in Fig. 6(h) . Two identical sets of satellite reflections apparently suggest the occurrence of two identical modulations that triplicate the pseudo-cubic periodicity along both a and b. Yet, the fact that reflections hk0 with h and k 6 ¼ 3n are systematically extinct looks rather unusual. Indeed, when smaller crystals are selected for diffraction, a pattern with only one modulation is obtained [ Fig. 6(g) ]. The explanation is that larger crystals always develop a twin which exchanges a and b vectors, giving the impression of a tetragonal symmetry, de facto not existing.
It is worth pointing out again that all kinds of twinning affect the intensity of the reflections, also of the ones that remain sharp and apparently not affected by this disorder feature. During structure refinement, the presence of twinning should be taken into consideration and sufficiently good diffraction data could allow a proper estimation of the volumetric ratio between the twin domains, even if connected by merohedry (Andrusenko et al., 2019) .
2.2.4. Twinning and stacking disorder in molecular materials. One should remark that disorder and twinning are not exclusive features of minerals or inorganic materials. On the contrary, they are quite the rule for many organic and hybrid organic-inorganic compounds (Andrusenko et al., 2019) . Nano-twinning was for example observed for the metalorganic compound Bi(BTB) (Feyand et al., 2012) . In this case, using a small beam of about 50 nm in diameter, it was possible to sample reflections from one single domain and perform conventional structure analysis.
However, when twinned domains are too small, the same ED data set may comprise reflections belonging to more domains. Certain crystallographic directions coincide for twin domains, while other reflections fall very close. It is then particularly complicated to partition the reflections and assign the basis vectors. This was the case for the phase of the azo Pigment Red 53:2, whose crystal structure could be finally determined by zonal electron diffraction tilt series after a careful assignment of reflections to different twin domains .
Stacking faults in molecular nanocrystals have the same signature in diffraction space as for inorganic materials. For example, 3D ED data from the organic compound II -quinacridone showed streaking along b* for all reflection rows . Despite this, the structure solution of the average structure showed the shape of the molecule and allowed it to be docked into the unit cell at the correct position. Interestingly, the analysis of the faulted stacking sequence showed both features of the correlated I and II polymorphic phases, suggesting that the ordered structures of the I and II phases are the end members of a continuous series of disordered structures consisting of different amounts of each packing type.
A peculiar combination of stacking disorder and twinning was found in nanocrystalline metal-organic phenylphosphonates (Wilke et al., 2016) . The layered structure consisted of rigid inorganic layers decorated from both sides with phenyl groups. The orientation of the phenyl groups was disordered, with each group being effectively a sphere. This geometry allowed an easy sliding along the phenyl 'surfaces', with a shift vector of ( 1 2 1 2 0). In the 3D ED data, half of the reflection rows were therefore diffused with a chess board pattern.
Dealing with disordered samples
When features, such as diffuse scattering or splitting of reflections, are detected in the 3D ED reconstruction, the first strategy that common sense suggests is obviously to go back to the TEM and search for a more coherent area of the sample, where such features disappear or at least become less prominent. As long as the crystallographer does not forget about the existence of the disorder, obtaining first the structure model of an ordered part, or of a polytype, of the material is indeed a convenient strategy. Later, one can combine the experimental evidence of disorder and the structural features of the ordered polytype to make a hypothesis about the disorder mechanism, and possibly about the occurrence of different polytypes.
In this regard, it is advantageous to work with a very small electron beam, so that it is possible to limit the data collection to an area of the sample that is free of defects or belongs to a single individual in a polycrystalline twinned aggregate (Feyand et al., 2012) . Electron beams obtained inserting a selected-area aperture (selected-area electron diffraction, SAED) normally cannot be smaller than some hundreds of nanometres, while the diameter of the electron beam obtained inserting a small condenser aperture (nano-beam electron diffraction -NED or NBD) can reach dimensions of a few nanometres. The smallest probes reported in the literature are in the range of 30-50 nm for microscopes equipped with a field-emission gun , even if beam as small as a few nanometres can be potentially engineered (Bé ché et al., 2009; Ganesh et al., 2010; Yi et al., 2010; Hirata & Chen, 2014; Plana-Ruiz et al., 2018) .
An illustrative case where the above-mentioned strategy was successfully applied, is the structure determination of the high-pressure high-temperature 11.5 Å phase, Mg 6 Al(OH) 7 -(SiO 4 ) 2 (Gemmi et al., 2016) . This material was recovered after a diamond-anvil cell experiment inside a polyphasic aggregate consisting of at least six different nanocrystalline phases. Four of them were recognized crossing chemical data obtained by energy-dispersive X-ray (EDX) spectroscopy and cell para-meters obtained by fast 3D ED data collections performed using a grid search on about 20 crystals. Fast 3D ED data were recorded by continuous rotation of the sample, in about two minutes per acquisition. Two more phases were also discovered, whose composition and cell parameters did not match any hitherto known high-pressure silicates.
The structure characterization of one of the unknown phases, namely the 11.5 Å phase, was particularly challenging because ED patterns from most of the identified fragments included strong diffuse scattering along one of the main crystallographic directions (Fig. 7) . Three cell vectors could not be derived from these data. Disorder was also evident in TEM imaging, as alternating dark and bright contrast lines. Only after an accurate search of the sample, a domain with uniform TEM contrast was finally found and from this it was possible to collect a 3D ED data set which finally delivered cell parameters and allowed a structure determination to be carried out, at least for the first ordered polytype.
The structure solution revealed that the ordered 11. 1 10. Diffuse scattering is always parallel to the layer stacking and, after knowing the structure, it could be intuitively associated with a disordered stacking of the T-O-T layers, whose alternate shift may be violated by a local variation in composition or free energy.
On the other hand, in materials with very prominent disorder, it may not be possible to spot a defect-free area, even at the scale of a few tens of nanometres (Rozhdestvenskaya et al., 2017) . 3D diffraction data of a crystal with stacking faults have a certain signature. In general, all reflection rows are diffuse, except for the central reflection row parallel to the crystal stacking direction [Fig. 2(b) ]. In the majority of the cases, however, nanocrystals with stacking faults tend to orient with the stacking axis vertically oriented on the TEM grid, so that the central reflection row cannot be recorded due to the geometrical restrictions of the TEM goniometer. In this situation, powder X-ray diffraction data can help for the determination of the related periodicity, showing wellresolved reflections along this main crystallographic direction .
Anyhow, when dealing with disordered materials, one should never forget that the atomic structure determined by standard single-crystal methods is just an average structure model, which may be true for very limited portions of the material or may have a statistical relevance. A complete description of the material should include the analysis of disorder features identified by ED or by other analytical methods.
Moreover, ab initio structure determination may be seriously hampered by intensity contributions due to disorder features, such as diffuse scattering, and nano-twinning. For IIquinacridone , only the position of the molecule in the unit cell could be determined, with no complete atomic resolution. Similarly, least-squares refinement may not converge or result in extremely high figures of merit (Rozhdestvenskaya et al., 2011 (Rozhdestvenskaya et al., , 2017 Mugnaioli et al., 2012 Mugnaioli et al., , 2018 . Structural disorder will always contribute towards higher refinement residuals. This effect should be kept separated from the increment in residuals originating from dynamical scattering. Here, the high residual is stating that the obtained ordered model is only part of the truth, as the real structure of the material includes the defect features.
Mixed occupancies and vacancies
One possibility for improving the model relies on the introduction of disorder in the form of partial occupancies. Some atomic positions can either be occupied by two different atomic species (mixed occupancies) or be occupied only in some cells and not in others (vacancies). If mixed occupancies and vacancies are randomly distributed and the distortion of the surrounding atomic structure is negligible, then we can model such features as partial occupancies. Dynamical effects and missing cone data due to tilt limits in the TEM goniometer hamper a quantitative estimation of partial occupancies by 3D ED. Still, in certain cases, the introduction of partial occupancies allowed significant improvements in both agreement parameters and crystallo-chemical reliability of the refined models (Palatinus et al., 2015; Lepoittevin, 2016) . Because electrons are very sensitive to light atoms when compared to X-rays, in certain cases they might even allow a quantitative estimation of partially occupied positions for very light atomic species, such as Li (Drozhzhin et al., 2016) and H (Palatinus et al., 2017) . Palatinus et al. (2015) also demonstrated that the Mg/Fe mixed occupancy in orthopyroxene can be refined by 3D ED data to the expected value taking into account dynamical effects.
While point defects can be easily modeled by partial occupancies, it is rather more complicated to use them for reproducing features that involve clusters of atoms and a larger portion of the structure. A successful application of partial occupancies to a whole structural layer is reported for HySo, Mg 3.30 Al(OH) 2.40 O 0.60 (SiO 7 ), the second unknown phase obtained in the same high-pressure high-temperature experiment which delivered the 11.5 Å phase (Gemmi et al., 2016) . HySo is a hydrated sorosilicate consisting of alternating layers of (Mg,Al)O 6 octahedra and Si 2 O 7 groups. Dynamical refinement and Fourier mapping based on 3D ED data showed a prominent disorder in the Si 2 O 7 layer, with the appearance of well defined extra residuals in addition to the atoms determined ab initio by standard methods. Eventually, a more complete model for HySo was achieved modeling the Si 2 O 7 layers by means of partially occupancies. In turn, this refined model explained how H atoms are gradually released from the structure as a function of pressure and temperature, a rather interesting input for understanding the petrology of the Earth's upper mantle.
Order-disorder (OD) approach
The order-disorder (OD) approach was developed by Dornberger-Schiff and coworkers (Dornberger-Schiff & Fichtner, 1972) . The main idea is that polytypic structures can be divided into equivalent layers, whose stacking can be described by a symmetry operator, called partial operator (PO). The whole family of possible polytypes is then defined by an OD-groupoid family symbol, which includes two or three lines. The first line represents the internal symmetry of a single layer, while the second and, when present, the third line(s) define the PO(s) which have to be applied to produce any following layer. This way, it is easy to recognize the maximum degree of order (MDO) sequences, which identifies the easiest polytypes one can obtain. For a dedicated review and several applications of this theory, see Ferraris et al. (2004) .
The OD theory allows the describing and forecasting of all possible stacking sequences associated with a given material, and therefore its polytypes, after the structure of one of the layers and the mechanism which allows the stacking are determined. Its application for nanocrystalline disordered materials was first proposed by Rozhdestvenskaya et al. (2010) for describing the polytypic family associated with the alkalicalcium-silicate mineral charoite. Charoite is indeed a quite emblematic case, because, even if this mineral has been known since 1978, its structure could not be determined by X-ray methods. There is a series of reasons for this: (i) charoite grows in very anisotropic fibers, large a few hundred nanometres and not suitable for single-crystal X-ray diffraction; (ii) charoite is always associated with other minerals, generally much more crystalline, which produce strong peaks in the XRPD pattern; (iii) the charoite unit-cell has relatively long parameters (up to 32 Å ) and a large asymmetric unit with a volume of more than 1000 Å 3 and about 90 independent atoms within; (iv) charoite forms polymorphs consistent with different OD arrangements, which may alternate inside the same fiber and whose reflections may severely overlap; (v) as with other OD structures, charoite is characterized by pseudosymmetry, which may easily lead to a wrong crystal system assignment and produce quasi-systematic reflection overlap that further hampers any attempt of structure determination by XRPD data.
The structure solution of the first polytype of charoite, later named charoite-90 because its monoclinic angle is about 90 , was actually determined by 3D ED data collected on a fiber /2, b, c) . SiO 4 tetrahedra are represented in yellow, NaO 6 octahedra in green, CaO 6 octahedra in light blue, O atoms in red, K atoms in purple, Sr atoms in dark red. For K and Sr, partial occupancy is also shown. fully consisting of a single, remarkably coherent, crystalline domain (Rozhdestvenskaya et al., 2010) [Figs. 8(a) and 8(b) ]. The final structural residual R 1 was 0.173, a quite reasonable value for a structure so complex and refined without considering dynamical effects.
This first polytype was interpreted on the basis of OD theory, and therefore decomposed in equivalent layers with dimensions (a/2, b, c). Such layers have internal symmetry P(2)mm and are stacked along a according with the groupoid family symbol:
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The easiest way to understand this symbol is focusing on the local symmetry operator along c: the screw axis 2(s). In the case of charoite, s can assume the values + 1 2 or À 1 2 . Charoite layers are then stacked by operators 2(+ 1 2 ) or 2(À 1 2 ), which represent screw axes with a shift of +c/4 or Àc/4, respectively.
This symbol also tells us that there are two possible MDO sequences. Charoite-90 is made by an alternate sequence of 2(+ 1 2 ) and 2(À 1 2 ) operators. Another possible MDO sequence can be imagined, with layers stacked always by the same operator, for example 2(À 1 2 ). Indeed, this sequence corresponds to the polytype chaorite-96, whose structure was experimentally determined ab initio one year later from a fiber composed mostly by this kind of sequence (Rozhdestvenskaya et al., 2011) (Fig. 8c ). In this case, due to the occurrence of incoherently stacked layers and minor domains of charoite-90, the structure was refined up to a structural residual R 1 of 0.339. In fact, the comprehensive description of charoite is not just the structure determination of the two MDO polytypes charoite-90 and charoite-96, but relies on the full information given by the OD-groupoid family symbol. Eventually, more or less ordered stacking sequences may be imagined, giving a more truthful view of the real crystal structure of charoite fibers.
The OD theory was later used for describing another alkalicalcium-silicate mineral: denisovite (Rozhdestvenskaya et al., 2017) . In this case the disorder is more pervasive, and even with a 50 nm beam it is not possible to sample a single ordered domain. Diffuse scattering dominates in reflection lines h0l with l 6 ¼ 2n (Fig. 4) . Structure determination of the MDO polytype was obtained by integrating the intensities of the reflection maxima, after a few better-ordered fibers were recognized. Also in this case, the structure residual R 1 had the rather high value of 0.336, a hint that the disorder plays a major role in the sampled domains. Even if the so-determined structure is far from representing the real structure of denisovite, it was the basis for understanding which rules regulate the structural stacking, producing short ordered crystalline domains, interrupted after a few cell repetitions by stacking faults and pseudo-merohedric twin boundaries.
Aragonite and its nanocrystalline precursor mAra were also recently interpreted in the light of OD theory (Makovicky, 2012; Né meth et al., 2018) . Both minerals are regulated by the same groupoid family. The intercalation of incoherently stacked layers in mAra leads to a disordered monoclinic sequence, whereas the less frequent occurrence of inversions of the stacking vector in mature aragonite favors its well known pseudo-hexagonal twinning. However, minerals and inorganic materials are not the only materials that may benefit from OD interpretation. Stacking disorder is indeed quite frequent in organic and metal-organic materials Wilke et al., 2016) , and may be interpreted and described by the OD theory (Teteruk et al., 2014) .
Quantitative treatment of disorder
A quantitative description of disorder requires us to go beyond the simple integration of the Bragg reflections. When available, imaging may reveal advantageous with respect to diffraction, because it can deliver local structural information not biased by any assumption of periodicity (Mayence et al., 2014; Rozhdestvenskaya et al., 2017; Willhammar et al., 2017; Mugnaioli et al., 2018) . In this respect, Willhammar et al. (2012) developed very interesting routines able to merge a 3D data set with the Fourier transforms of high-resolution TEM images collected in a tilt series. Such protocol delivered the 3D structure reconstruction at atomic resolution of a polytypic portion of the zeolite ITQ-39. While diffuse scattering spotted in 3D ED reconstruction could deliver only qualitative infor-electron crystallography 560 Mugnaioli and Gorelik Materials at the order-disorder borderline Acta Cryst. (2019). B75, 550-563 mation about the polytypic disorder, imaging allowed the clear definition of three polytypic sequences in an area of a few unit-cell repetitions.
Still, even using the last generation of double-corrected TEMs, it is not always possible to detect structural features at atomic resolution in complex materials by imaging. Hence, Brá zda et al. (2016) proposed to analyze the diffuse scattering in 3D ED for a quantitative description of the disorder. These authors analyzed the modulation of intensities inside the diffuse scattered lines for the layered oxide Pr 0.3 CoO 2 . Comparing the experimental modulations in the diffuse scattering lines with simulated diffraction patterns, they were able to discriminate between two conceivable ordered configurations of the interlayer Pr atoms. One of the two options, the socalled O-O structure, appeared to be the most common in the overall packing.
A more systematic approach has been recently reported by Neagu & Tai (2017) , Zhao et al. (2017) and Krysiak et al. (2018) , which designed algorithms for the integration of diffuse scattering along reciprocal space lines and then compared these experimental features with diffraction simulations made using the program DISCUS (Proffen & Neder, 1997) . The method was initially tested on a Na 0.5 Bi 0.5 TiO 3 piezoelectric ceramic and on an Al 4 B 2 O 9 mullite-like structure, and allowed local superstructure models to be established which nicely reproduce the observed 3D ED data. Later, the robustness of the approach was further validated on a sample of zeolite beta, which showed polytypic stacking at the scale of a few unit-cell repetitions. Also in this case, the experimental features observed by 3D ED could be accurately reproduced, delivering the volumetric ratio between three likely polytypes in the observed volume ( Fig. 9) . A detailed description of this method is given by Kolb, Krysiak & Plana-Ruiz (2019) , which is included in the special issue on electron crystallography published in Acta Crystallographica Section B (Hadermann & Palatinus, 2019) .
Conclusions
The wish of a crystallographer to study perfect crystals is understandable. Yet, in many cases it is the deviation from the strict periodicity that determines the physical properties of a material. In this perspective, the characterization of the disorder is as important as the knowledge on the average crystal structure.
For a number of reasons, the nanocrystals particularly often show disorder signatures. The aim of this paper is to give the reader a glimpse of the problems associated with disordered nanocrystalline materials when working with 3D electron diffraction, and, hopefully, ideas of how to handle such disorder features. A proper treatment of disorder must rely on modeling, such as the OD theory for polytypic structures, and on the quantitative analysis of diffuse scattering. In this respect, the question of the multiple scattering contribution to diffuse intensities may reveal critical.
We also remark that 3D ED has experienced a rapid growth in the last few years. New instrumentation and experimental protocols are now available, which allow more reliable data acquisition, reduced electron dose on the sample and more sophisticated handling of data. Materials and crystallographic problems, which appeared intractable by ED a few years ago, are fast converting into advanced research topics. Indeed, before the advent of 3D routines for ED data collection (just ten years ago) most of the crystallographic community was probably convinced that structure determination by ED could never become a standard protocol.
The main strength of ED remains the possibility of obtaining 3D structural information from volumes much smaller than any X-ray diffraction method. We believe that this ability will allow a better understanding of many materials that are considered at the borderline between crystalline and amorphous matter.
